Terahertz imaging makes it possible to acquire images of objects concealed underneath clothing by measuring the radiometric temperatures of dierent objects on a human subject. Finding objects hidden under clothes is one of key issues of public places security. A possible solution of this problem is a multispectral, terahertz-based screening system with implemented image fusion algorithm. The result of the fusion is a new image which gives more information and is more suitable for human perception. An imaging system is usually composed of various subsystems. Many of the imaging systems use imaging devices working in various spectral ranges. The aim of our studies is to detect and visualize objects hidden under clothing. Detection of potentially dangerous objects is important, but without proper visualization, can be dicult to utilize. Our goal is to build a system harmless to humans for screening and detection of hidden objects using a THz and VIS cameras. The presented system draws attention not only on the properties oered by a single camera but also on the potential of synergetic eects of the system by using the fusion of data registered by dierent sensor units. In this paper we present the multispectral passive imaging system for hidden threats visualization based on THz and VIS cameras.
Introduction
Terahertz radiations have shown unique properties and these radiations provide a variety of applications and opportunities in dierent elds. One of the most interesting applications of terahertz waves is imaging. The terahertz range of electromagnetic radiation has large potential in the eld of hidden objects detection because it is not harmful to humans. However, the main diculty in the THz imaging systems is low image quality due to low sensitivity and a small number of pixels in detecting modules of cameras.
Considering the fact that even THz images with low pixel resolution still provide valuable information, it is justied to combine them with the high-resolution images from a visible camera [1] . Image fusion is a process of combining two or more images, or it can be dened as the process by which several images or parts of images (features) are combined into a single image. This process allows us to combine the most interesting elements of images from various spectral ranges into one image.
A very important aspect of applying various processing techniques to images is proper assessment of the image quality. Performance measures are essential to determine the possible benets of fusion as well as to compare the results obtained with dierent algorithms [2] . During our investigations many various algorithms were implemented and tested. Assessment of performance plays crucial role in the process of choosing the best image fusion method.
The aim of our studies is to detect and visualize objects hidden under clothing. Detection of potentially dangerous objects is important, but without proper visualiza- * corresponding author; e-mail: mkowalski@wat.edu.pl tion can be dicult to utilize. Security applications very often require a person to operate a system, thus the fused image is intended for presentation to a human observer for easier and enhanced interpretation. THz images are more dicult to assimilate for a human eye than visual images because they present a reality invisible for humans. Visible images are natural for human vision. The system is based on two cameras passive THz and VIS.
Our studies show that the fused image should contain information mostly from the visible image with superimposed elements from the THz image showing a detected object.
In this paper we present a hardware conguration of the imaging system, the results of various image fusion methods and propose a method of assessing quality of the fused image.
Imaging environment
Terahertz radiation is electromagnetic radiation in a frequency interval from 0.3 to 10 THz (1 mm30 µm wavelength). This band occupies a large portion of the electromagnetic spectrum between the infrared and microwave bands. Similar to other frequency bands like microwaves and infrared radiation, THz waves can be used as imaging media in a variety of applications.
Our goal is to detect objects hidden under clothes using images acquired by a THz camera. The object detection process means processing and fusion of images acquired by THz camera and a camera working in a visible spectrum of light. For our studies, the TS4 camera from ThruVision Systems Ltd. [3] was selected. The camera oers quite good quality images with the pixel resolution of 124 × 271 points and it is operating at 250 GHz.
The camera working in the visible spectrum was manufactured by Axis and has a resolution of 600 × 550 pixels.
Because of the fact that testing our system requires a person carrying hidden object we used a thermal phan-(490) tom whose task is to imitate a human body (shapes as well as a temperature). Human phantom was placed on a moving platform and mimics a moving human being.
Another element necessary to build the experiment environment is hidden object. Objects imitating guns, knife or explosives were used as potentially dangerous objects hidden under clothing.
Fusion of THz and VIS images
The basis of system operation is the connection of images registered by the THz and VIS cameras into one image in order to obtain visualization understandable for human being. Image fusion is dened as the process of combining substantial information from several sensors using mathematical techniques in order to create a single composite image that will be more comprehensive and more useful for a human operator or other computer vision tasks. Current technology in imaging sensors oers a wide variety of information that can be extracted from an observed scene. Multi-sensor information is jointly combined to provide an enhanced representation in many cases of experimental sciences. In our study image fusion is a way to enhance the visibility of selected features (objects hidden under clothing) in the observed scene.
Our recent investigation on combining THz and VIS images shows that there is a great potential in combining two images from dierent spectral ranges especially for security applications. In this part of our research, we focus on extraction of the most valuable features from each image and combination them in one.
Image fusion methodology used in our investigations consists of three major steps. During the rst step, the imaging material was acquired by two cameras the THz and VIS. Since the THz and VIS images have different elds of view and sizes we found a common area for both images [4] . This operation was the second step of the fusion process and is very often connected with geometrical transformations of images. In the second step the VIS image was subjected to a cropping operation while the THz image was thresholded. During the third step, one of selected image fusion method was applied to both, pre-processed images. The methodology of fusion process is shown in Fig. 1 . to noise ratio, mean squared error or average dierence [6, 7] . These methods work by exploiting the pixel differences between images, the correlation between images and changes in the histogram, respectively. Our approach to assessing fused image quality is to evaluate perception of images by a human eye. This was the reason we used two kinds of IQA methods the reference and the no--reference. We propose to use structural similarity index M. Kowalski et al.
(SSIM) as the reference IQA method and the natural image quality evaluator (NIQE) as the no-reference (blind) quality assessment method. A combination of two unrelated image quality assessment methods can deliver the information required to assess the correctness of the fused image and select the most accurate fusion method.
The structural similarity index was invented for measuring the similarity between two images thus it is a full reference method [8] . Structural similarity is based on the idea that the human visual system is highly adapted to process structural information, and the algorithm attempts to measure the change in this information between reference and distorted image. According to numerous tests, SSIM is better at quantifying subjective image quality than mean squared error or peak signal to noise ratio [8, 9] .
At a high level, SSIM attempts to measure the change in luminance, contrast, and structure in an image. The luminance is modeled as an average pixel intensity, contrast by the variance between the reference and distorted image, and structure by the cross-correlation between the two images. The resulting values are combined (using exponents referred to as alpha, beta, and gamma) and averaged to generate a nal SSIM index value.
Structural information is the idea that the pixels have strong inter-dependences especially when they are spatially close [8] . These dependences carry important information about the structure of the objects in the visual scene. SSIM index values are in the range of 0, 1 , where 1 is the value of two identical images. The SSIM index can be computed using the following equation [9] :
where x, y are images, µ x (µ y ) is the average of x (y), σ 2 x (σ 2 y ) are the variance of x (y), σ xy is the covariance of x and y, These features are derived from a corpus of natural, undistorted images [10] . The quality of the distorted image can be described as the distance between the natural scene statistic feature model and the multivariate Gaussian t to the features extracted from the distorted image and can be computed using following equation [10] : values are in the range of 0, ∞).
Results
The results of applying image fusion methods to sample images as well as the results of IQA of fused images are presented in Table. Images presented below show that there is a huge potential for THz image processing methods. One of the most important aspects of presented results is that all of these images were processed with methods which can be eciently implemented in a camera and work in a real-time mode. From many sets of methods the best and the most ecient algorithms were selected andnally implemented in the camera. According to laboratory test results images can be processed in real-time with the camera operating with 30 frames per second.
Summary
Despite the fact that terahertz images have low signal to noise ratio and low contrast, we have successfully achieved our goal to automatically detect and segment concealed objects. We build a system for hidden objects detection based on the passive THz camera and a VIS camera.
Based on assumptions made at the beginning, we com- 
